Background: Allosteric ligands targeting cholecystokinin receptors are needed. Results: Stereochemically distinct iodinated 1,4-benzodiazepine antagonists of type 1 and 2 cholecystokinin receptors dock to analogous intramembranous pockets that have distinct shape and molecular determinants.
With the recent solution of a series of class A G proteincoupled receptor (GPCR) 3 structures (1-7), the promise of structure-based rational design and refinement of receptor-active drugs is coming closer to fruition. This is particularly true for drugs that target the highly conserved and spatially constrained helical bundle region of receptors in this family. The type 1 and type 2 cholecystokinin (CCK) receptors (CCK1R and CCK2R) are closely related, physiologically important members of this family that have distinct patterns of structural selectivity both for natural peptide ligands and for non-peptidyl small molecule ligands (8 -10) . This makes them potentially useful targets for a chimeric approach to defining the structural basis of ligand binding and thereby contributing to drug development.
These receptors possess 53% sequence identity, including 69% identity within predicted transmembrane helical segments. They control a variety of gastrointestinal and behavioral functions. Type 1 CCK receptors are expressed on gallbladder smooth muscle, pancreatic cells, enteric neurons, and central nervous system nuclei, whereas type 2 CCK receptors are expressed on gastric parietal cells and diffuse regions of the brain (11, 12) . There have been extensive efforts to develop drugs to target these molecules for the treatment of obesity, anxiety, gastric hypersecretory states, and even particular types of cancer (13) (14) (15) . * This work was supported, in whole or in part, by National Institutes of Health Although both types of CCK receptors bind and are activated by CCK and gastrin peptides, the molecular basis for peptide binding to these receptors appears to be distinct. Whereas the CCK1R requires the carboxyl-terminal heptapeptide-amide, including the sulfated tyrosine residue in position 27 (using the numbering scheme of CCK-33 first isolated), for high affinity binding and potent action, the CCK2R requires only the carboxyl-terminal tetrapeptide that is shared between CCK and gastrin peptides (16, 17) . Whereas naturally occurring CCK peptides eight or more residues in length bind with high affinity and are potent activators of both the CCK1R and the CCK2R, gastrin and shorter CCK peptides are high affinity ligands and potent activators of the CCK2R only (18) . The basis for CCK binding to CCK1R is particularly well defined, based on direct photoaffinity labeling spatial approximation constraints at seven positions within CCK-8, which show determinants distributed throughout the extracellular loop and amino-terminal tail regions but not within the predicted transmembrane domain bundle (12, 19) . In contrast, at the CCK2R, the carboxyl-terminal end of the peptide may be sited closer to the helical bundle (12, 20, 21) .
Selective, small molecule ligands have been developed for both CCK1R and CCK2R (22, 23) . It is now clear, based on limited receptor mutagenesis, photoaffinity labeling, and pharmacological manipulations, that these ligands bind to an allosteric site within the intramembranous helical bundle that is distinct from the orthosteric CCK peptide-binding site of the CCK1R (24 -27) . However, the molecular basis for ligand selectivity between the two subtypes of CCK receptors remains unclear. Using the photo-cross-linking point as an anchor, crude homology modeling predicts up to 20 transmembrane residues that could be involved in the formation of this pocket (26) . Of these amino acids, only six differ between CCK1R and CCK2R (residues 2.61, 3.28, 3.29, 6.51, 6.52, and 7.39, using the nomenclature of Ballesteros and Weinstein (28) ).
The current work utilized a focused chimeric receptor approach targeting these six residues and took advantage of a unique pair of subtype-selective radioiodinatable 1,4-benzodiazepine ligands that could be used as direct probes of this intramembranous interhelical ligand-binding site (29) . Direct binding analysis was performed for an extensive series of chimeric CCK1R/CCK2R constructs to determine the contributions of each of these residues in small molecule ligand selectivity and to demonstrate the reversal of selectivity via distinct combinations of substitutions. The allosteric nature of the small molecule binding of key chimeric constructs was also demonstrated directly using a peptide ligand dissociation assay. Ligand-directed homology modeling was utilized to generate predictive receptor models in which the geometry of the binding pockets and distinct residue interactions predicted for ligand docking provided a molecular framework for understanding allosteric ligand selectivity at the two receptor subtypes.
EXPERIMENTAL PROCEDURES
Materials-Costar 96-well V-bottom assay plates were from Corning (Corning, NY); Ham's F-12 medium and other tissue culture supplements were from Invitrogen; fetal clone II cell culture medium supplement was from HyClone Laboratories (Logan, UT). All other reagents were analytical grade.
Benzodiazepines-The reagents that are the focus of this work are the 1,4-benzodiazepine antagonists of CCK receptors that differ only in the stereochemistry (S or R) of their 3-position side chains while exhibiting selective binding to either the type 1 cholecystokinin receptor (CCK1R) (BDZ-1, identified previously as compounds 5 and 9 (29)) or the type 2 cholecystokinin receptor (CCK2R) (BDZ-2, identified previously as compounds 3 and 7 (29) ). The 1,4-benzodiazepines with an [1, 4] diazepin-3-yl)urea, represent the BDZ-1 radioligand with incorporation of radioactive iodine ( 125 I) and BDZ-1 with non-radioactive 127 I, whereas those with an R-orientation, (R)-1-(3-iodophenyl)-3-(1-methyl-2-oxo-5-phenyl-2,3-dihydro-1H-benzo[e] [1, 4] diazepin-3-yl)urea, represent the BDZ-2 radioligand with 125 I and BDZ-2 with 127 I (Fig. 1 ) (29) . These were prepared by oxidative iodination of precursor compounds (S)-1-(1-methyl-2-oxo-5-phenyl-2,3-dihydro-1H-benzo[e] [1, 4] [1, 4] diazepin-3-yl)-3(3(trimethylstannyl)phenyl)urea, respectively, as we described previously (29) . These compounds have been fully characterized chemically and pharmacologically (29) and have the advantage of providing radioligands for competition binding assays with direct binding to the allosteric site within the helical bundle of CCK receptors.
Peptide Ligands-Synthetic peptides, human gastrin-17 and cholecystokinin octapeptide (CCK-8 and CCK-26 -33), were from Bachem AG (Bubendorf, Switzerland) and Peninsula Laboratories (Belmont, CA), respectively. The CCK-like peptide radioligand 125 I-D-Tyr-Gly-[(Nle 28, 31 )CCK-26 -33] was synthesized, purified to homogeneity on reversed-phase HPLC, and radioiodinated in our laboratory as we described previously (30) .
Preparation of Human CCK Receptor Constructs-Human CCK1R and CCK2R constructs were inserted into the eukaryotic expression vectors pcDNA3.1zeo (Invitrogen) and pcDNA3, respectively (31) . Primers were designed to introduce mutations in transmembrane (TM) segments TM2 (position 2.61), TM3 (positions 3.28 and 3.29), TM6 (positions 6.51 and 6.52), or TM7 (position 7.39) of CCK1R and CCK2R constructs FIGURE 1. Chemical structure of CCK receptor ligands. Shown are the structures of BDZ-1 and BDZ-2, representing benzodiazepine ligands selective for binding to the CCK1R and CCK2R. These correspond to compounds that were described previously (29) : compounds 5 and 9, which are selective for CCK1R, and compounds 3 and 7, which are selective for CCK2R, with the first compound of each pair being non-radioactive and incorporating using the QuikChange TM site-directed mutagenesis kit (Stratagene, La Jolla, CA). Each construct introduced the reciprocal residue into the specified position of the other receptor of the pair of subtypes, type 1 or type 2, in the CCK receptors. The CCK1R variant with residues changed in positions 3.28/3.29 and 6.51/6.52 was prepared by ligation of the individual constructs, CCK1R 3.28/3.29 and CCK1R 6.51/6.52. These were digested with BspEI and XhoI with appropriate fragments ligated together. The CCK2R variant with residues changed in positions 3.28/3.29 and 6.51/6.52 was created by the ligation of the individual constructs, CCK2R 3.28/3.29 and CCK2R 6.51/ 6.52, after digestion with BsrGI and HindIII. All constructs had their sequences confirmed by automated dye-termination DNA sequencing.
Cell Culture-Wild type and mutant CCK1R and CCK2R constructs were transiently expressed in COS-1 cells. Cells were plated in 100-mm tissue culture dishes in Dulbecco's modified Eagle's medium supplemented with fetal clone II at a density of 0.5 ϫ 10 6 cells/plate, and 3 g of cDNA from each construct was introduced by the DEAE-dextran method (32) . Cells were maintained in a humidified atmosphere of 5% CO 2 at 37°C. Select constructs were also studied as stably expressed in Chinese hamster ovary (CHO) cells, when higher levels of receptor expression were necessary to characterize radioligand binding. These lines were established as we described previously (33) .
Membrane Preparation-Receptor-bearing membranes were isolated from confluent COS-1 cells 72 h after transfection using a previously described protocol that involves sucrose density centrifugation (33) . All procedures were carried out on ice or at 4°C. Membranes were suspended in Krebs-Ringers-HEPES (KRH) medium (25 mM HEPES, pH 7.4, 104 mM NaCl, 5 mM KCl, 2 mM CaCl 2 ,1 mM KH 2 PO 4 , and 1.2 mM MgSO 4 ) supplemented with 0.01% soybean trypsin inhibitor and 1 mM phenylmethylsulfonyl fluoride and were stored at Ϫ80°C until use.
Receptor Binding Assays-Binding of the radioiodinated benzodiazepines, BDZ-1 radioligand and BDZ-2 radioligand, to the wild type and each of the mutant CCK receptors was assessed using filtration assays. In brief, binding reactions were performed in KRH medium supplemented with 0.2% bovine serum albumin and 0.01% soybean trypsin inhibitor. Receptor-bearing membranes (1-20 g of protein) were mixed with the BDZ radioligands (0.5-1.0 pM; ϳ10,000 cpm/well) in a low retention polypropylene plate for 1 h at room temperature in the presence or absence of increasing concentrations of the non-radioactive BDZ compounds (the respective 127 I-labeled analogues of the BDZ radioligands). Nonspecific binding was defined using competition with the analogous non-radioactive BDZ compound at 1 M concentration. The receptor-bound fractions were separated from the free radioligand by filtration using Unifilter-96 GF/B filter mats in a FilterMate Harvester (PerkinElmer Life Sciences). The plate was then washed six times with wash buffer (0.9% NaCl and 0.2% bovine serum albumin), air-dried overnight, and counted on a TopCount NXT TM counter (Packard) after the addition of 30 l of MicroScint TM -O (PerkinElmer). All assays were performed in duplicate in at least three independent experiments. Radioligand binding data were analyzed using the Ligand program (34) and were plotted using the nonlinear least-squares curve-fitting routine in Prism (GraphPad 4.0, San Diego, CA).
Binding assays using the CCK-like radioligand 125 I-D-TyrGly-[(Nle 28, 31 )CCK- 26 -33] were also performed, following the techniques established previously (31) . These assays were performed in intact cells to establish cell surface expression and in membranes of select receptor constructs to determine the structural specificity of peptide binding. In peptide binding experiments, nonspecific binding was determined in the presence of 1 M unlabeled CCK.
Assays to quantify the rates of dissociation of receptorbound CCK-like radioligand in the absence or presence of small molecule ligands were used as one determinant of the allosteric mode of action, following the procedure described previously in detail (27) .
Molecular Modeling-All molecular modeling was conducted using a stochastic global energy optimization procedure in internal coordinate mechanics (ICM) (35) with the ICM-Pro package, version 3.7-2 (MolSoft LLC, San Diego, CA). This procedure consisted of three iterative steps: (a) random conformational change of a dihedral angle according to the biased probability Monte Carlo method (36); (b) local minimization of all free dihedral angles; and (c) acceptance or rejection of the new conformation based on the Metropolis criterion at the simulation temperature, usually at 600 K (37) .
Specifically, a ligand-guided homology modeling method was used (38) . In this procedure, a simple naive homology model was first generated using the ICM standard homology modeling function (39) . Four distinct x-ray structures of class A GPCRs were attempted as templates for the standard threading method: ␤-2 adrenergic receptor, 2RH1; dopamine 3 receptor, 3PBL; A2a adenosine receptor, 3EML; and CXCR-4 receptor, 3ODU. A seed ligand was placed within the ligand pocket, which was predicted by the ICM PocketFinder algorithm (40) . A distance restraint was set between the ligand and an anchor residue on the receptor to limit the size of the sampling space and to keep the ligand within the pocket during the modeling process. The receptor was then subjected to cycles of Monte Carlo side chain sampling and backbone minimization, which was followed by loop modeling. After each cycle, multiple receptor conformations were generated. Molecular models were evaluated by docking a structurally diverse set of test ligands selected from the ChEMBL database (41) based on available data for CCK receptor binding affinity. For CCK1R, the ligand set contained 53 positive ligands with pK i Ͼ 6 and 115 decoys with pK i Ͻ 6 against CCK1R. For CCK2R, the ligand set contained 76 positive ligands with pK i Ͼ 8 and 171 decoys with pK i Ͻ 8 against CCK2R. The best model was selected by the composite score, 
where SCORE final is the final score of the model and SCORE ICM is the median ICM docking score of the positive compounds, to encourage discrimination of positive compounds by rewarding better ligand-receptor interactions rather than by penalizing decoys. F HB is the fraction of positive compounds forming hydrogen bond contacts with the corresponding anchor residue. SCORE cluster is the ICM docking pose clustering score, to encourage more consistent docking poses. NSQ_AUC is the normalized square root AUC (38) defined by the equation,
where AUC* is similar to area under the receiver-operating characteristic (ROC) curve (42), except the x axis is replaced by the square root of the percentage of false positives. Compounds that form a hydrogen bond contact with the anchor are presumably docked correctly and are prioritized in the AUC* calculation. The NSQ_AUC has an advantage over the traditional AUC, because NSQ_AUC is more sensitive to initial enrichment and therefore is more relevant in a virtual screening setting where only the top 1% of the ligands or fewer are selected. After the initial sampling and evaluation, the best model was selected. The seed ligand was redocked into the receptor, generating multiple models with different docking poses. Each of these models was then refined by side chain sampling and backbone minimization. All final models were then re-evaluated by docking the entire test ligand set, and the best model was selected. For the model of the CCK1R mutant construct in which the benzodiazepine selectivity was reversed, the final model of CCK1R was used as the initial template, changing the following residues to their counterparts present in the same positions of CCK2R: N2.61T, T3.28V, T3.29S, I6.51V, F6.52Y, and L7.39H. For the model of the CCK2R mutant construct in which the benzodiazepine selectivity was reversed, the analogous approach using the final model of CCK2R as initial template did not yield an acceptable, high quality molecular model. Instead, for this mutant construct, the final model of CCK1R was used as the initial template, changing all residues to those of CCK2R except for Ile 6.51 , Ple 6.52 , and Leu 7.39 , the key residues in these positions in CCK1R. The naive models were then subjected to the ligand-guided modeling method by using the test ligand set for the opposite receptor for docking and selection.
RESULTS
In the current work we focused on the six residues lining the predicted allosteric pocket of the CCK1R that are different in the two CCK receptor subtypes (Fig. 2) . These exist within TM2, TM3, TM6, and TM7, with one residue in each of TM2 (2.61) and TM7 (7.39) and two adjacent residues in each of TM3 (3.28/3.29) and TM6 (6.51/6.52). We have changed these residues to the corresponding residues in the opposite CCK receptor subtype using TM segment groups and typically refer to them according to the TM segment or segments changed in the chimeric CCK1R/CCK2R receptor constructs. 
Characterization of Ligand Binding to Chimeric Receptor Constructs Involving
Single TM Segments-Competition binding was performed using each of the selective benzodiazepine radioligands with the wild type CCK receptors and the single TM segment chimeric constructs ( Fig. 3 and Tables 1 and 2) . Each of the wild type and single region mutants was synthesized and trafficked normally to the cell surface where they were shown in intact cell assays to bind saturably at least one of the radioligands, including the benzodiazepines and the CCK-like radioligand (data not shown). Only the wild type CCK1R and chimeric constructs based on the CCK1R structure bound the type 1-selective BDZ-1 radioligand in a saturable manner (Fig.  3A) . Loss of function, with reduced binding affinity for BDZ-1, was observed for each of the CCK1R constructs when replacing the unique residues in TM6 (6.51 and 6.52), TM3 (3.28 and 3.29), and TM7 (7.39), whereas replacing residue 2.61 in TM2 had no significant negative impact (affinity of 3.6 Ϯ 0.7 nM; not different from that of wild type CCK1R, 2.3 Ϯ 0.3 nM) (Fig. 3A) .
The type 2-selective BDZ-2 radioligand bound saturably to the wild type CCK2R and to selected chimeric constructs based on that structure but not to the CCK1R (Fig. 3, C and E) . Loss of function, with reduced binding affinity for BDZ-2, was observed for the CCK2R constructs when replacing the unique residues in TM2 (2.61) and TM7 (7.39), whereas replacing those in TM3 and TM6 had no significant negative impact on binding affinity. Of particular interest, gain of function was observed for the CCK1R TM2 construct, with this receptor construct gaining the ability to saturably bind BDZ-2 radioligand and for BDZ-2 to compete for its binding of the BDZ-1 radioligand.
Characterization of Ligand Binding to Chimeric Receptor Constructs Involving Multiple TM Segments-The multiple TM segment chimeric constructs were also analyzed using the full complement of competition binding studies with each of the selective benzodiazepine radioligands (Figs. 4 and 5 and Tables  1 and 2 ). There was evidence of normal receptor folding, trafficking, and cell surface expression for all of the constructs based on the CCK1R structure, with all constructs that did not bind the benzodiazepine radioligands demonstrated to saturably bind the CCK-like radioligand (data not shown). In contrast, for the chimeric constructs based on the CCK2R structure, two of the 15 constructs (CCK2R TM(2,3,7) and CCK2R TM(2,3,6,7)) did not saturably bind radiolabeled benzodiazepines or CCK, likely reflecting misfolding and intracellular trapping of these constructs within a biosynthetic compartment. It is also notable that CCK2R TM(3,7) and CCK2R TM(3,6,7) constructs, which trafficked normally to the cell surface where they bound BDZ-2 radioligand, did not exhibit saturable binding of the CCK radioligand.
The competition binding curves for the CCK1R-selective BDZ-1 radioligand are shown in Fig. 4 , with the homologous competition on the left (Fig. 4, A and C) and the heterologous competition on the right (Fig. 4, B and D) . Of interest, in the homologous competition curves, adding the chimeric changes to CCK1R in TM7, TM3, or TM6 to TM2 reduced the affinities of binding BDZ-1 from what was observed with TM2 only. Adding the chimeric changes in TM6 and TM7 to the CCK2R bound the BDZ-1 radioligand with an affinity (4.1 Ϯ 1.3 nM) that did not differ from that of wild type CCK1R (2.3 Ϯ 0.3 nM) (p Ͼ 0.05). Thus, TM6 and TM7 residues were capable of both loss of function at the CCK1R and gain of function at the CCK2R, supporting the critical importance of these residues for BDZ-1 binding to the CCK1R.
The competition binding curves for the CCK2R-selective BDZ-2 radioligand are shown in Fig. 5 , with the homologous Figure(s) F8,9,11,12 ARTNO: M111.335646 competition on the left (Fig. 5 , A and C) and the heterologous competition on the right (Fig. 5, B and D) . In the homologous competition curves, adding the chimeric changes in TM3 and TM6 to CCK2R (3.7 Ϯ 0.3 nM) or TM2, TM3, TM6, and TM7 to CCK1R (2.1 Ϯ 0.3 nM) resulted in high affinity binding that did not differ from that of wild type CCK2R (3.4 Ϯ 0.4 nM) (p Ͼ 0.05). Several of the combinations were able to enhance the apparent affinity in the heterologous competition binding for this radioligand. Of note, some binding characteristics of a few select mutants were anomalous (Tables 1 and 2 ). Although there was general accord in the estimated number of binding sites with the two BDZ radioligands (when significant binding could be measured), there were three exceptions to this pattern. The N2.61T mutant (CCK1R TM2) exhibited an ϳ3-fold greater number of binding sites with the BDZ-1 radioligand than with the BDZ-2 radioligand, suggesting that the BDZ-2 radioligand bound only a subset of these receptors that were detected with the BDZ-1 radioligand. The reverse was observed for the CCK1R TM(2,3,7) and CCK1R TM(2,6,7) constructs, with a 2-4-fold greater number of binding sites observed with the BDZ-2 radioligand than with the BDZ-1 radioligand. This suggests that the radioligands may have sampled distinct populations of receptors that do not readily interchange.
Determinants for CCK Receptor Allosteric Ligand Binding
CCK Peptide Binding Selectivity- Fig. 6 shows the CCK peptide binding selectivity in the chimeric constructs in which benzodiazepine selectivity was most effectively reversed, the CCK1R TM(2,3,6,7) construct with CCK2R-like benzodiazepine selectivity and the CCK2R TM(6,7) construct with CCK1R-like benzodiazepine selectivity. In both cases, the peptide selectivity of the parent construct was maintained. Note also that competitive binding curves were also performed using BDZ-1 and BDZ-2. The relevant high affinity benzodiazepine ligand was able to fully inhibit saturable CCK-like radioligand binding to each of these constructs. Based on this set of observations, it was not possible to distinguish competitive inhibition of peptide ligand binding from the influence of negative cooperativity of allosteric ligands.
Allosteric Nature of Small Molecule Ligand Binding-The possible allosteric nature of the binding of the benzodiazepine FIGURE 6 . CCK peptide binding to wild type (A and B) and key chimeric CCK1R/CCK2R constructs (C and D). Competition binding assays using a CCK-like peptide radioligand were performed to evaluate CCK peptide binding selectivity in the chimeric receptor constructs in which the benzodiazepine selectivity was most effectively reversed, the CCK1R TM(2,3,6,7) construct with CCK2R benzodiazepine selectivity (C) and the CCK2R TM(6,7) construct with CCK1R benzodiazepine selectivity (D). In both cases, the peptide selectivity of the parent construct was maintained. Also shown in each panel are curves with dashed lines reflecting the abilities of the high affinity benzodiazepine ligands, BDZ-1 and BDZ-2, to inhibit the saturable binding of the CCK radioligand.
balt3/zbc-bc/zbc-bc/zbc02512/zbc0934-12z ZSUBMIT 16 xppws Sϭ1 27/4/12 4:54 4/Color Figure(s) F8,9,11,12 ARTNO: M111.335646 ligands to these receptors was examined using a classical orthosteric radioligand dissociation assay as described previously (27) . In this assay, the ability of a second ligand (here BDZ-1 or BDZ-2) to alter the rate of dissociation of the radioligand provides definitive evidence for the allosteric nature of the small molecule binding. Fig. 7 shows that the CCK2R and each of the key chimeric receptors that effectively reversed their benzodiazepine ligand selectivity displayed small molecule-induced changes in orthosteric ligand dissociation. Of note, CCK1R exhibited no difference in these two dissociation curves. This does not rule out an allosteric mode of action for this ligand at this receptor but shows only that its binding did not modify the kinetics of orthosteric ligand dissociation. It is noteworthy that the orthosteric ligand dissociation was quite rapid at this receptor, and a small change might not have been detectable under the assay conditions. However, there are strong independent data to support an allosteric mode of action of BDZ-1 at the CCK1R, specifically the inability of CCK to fully compete for BDZ-1 binding to this receptor in both a model receptor-bearing cell line and natural receptor-expressing gallbladder cells (29) . Molecular Modeling-The best template for the molecular modeling of both the CCK1R and the CCK2R was found to be the A2a adenosine receptor, 3EML. This resulted in the highest scores for the ultimate models (described below). In this approach, an anchor residue is critical for the initial docking of the ligands during the modeling process. For the CCK1R, Asn 6 .55 was initially selected as the anchor residue, because it is a polar residue in close proximity to Ile 6.51 and Phe 6 .52 (shown to be critically important in the mutagenesis studies) that is potentially capable of forming a specific hydrogen bond with the benzodiazepine ligand. This residue had also been utilized effectively as the anchor residue in previous small molecule ligand docking to the A2a adenosine receptor (43) . This tether turned out to be quite effective, yielding a strong, credible, and discriminating model. For the CCK2R, Thr 2.61 was initially selected as the anchor residue, because it had appropriate chemical characteristics and was shown to be functionally important in the mutagenesis studies. However, after extensive trials, using this anchor we were unable to obtain a reasonably high scoring model that had significant enrichment. This supports an indirect functional effect of mutation of this residue in CCK2R. Switching the anchor for the CCK2R modeling to Asn 6.55 , however, produced a final model that exhibited excellent enrichment and selectivity properties.
The molecular models of BDZ-1 docked with the CCK1R and BDZ-2 docked with the CCK2R are shown in Fig. 8 . The benzodiazepine ligands in both of these models were docked in pockets in analogous positions high in the intramembranous helical bundles. Both ligands displayed similar poses for their C3 urea substituents and benzo rings; however, the C5 phenyl rings and N1 methyl groups exhibited different orientations and spatial approximations with the receptors because of their differing stereochemistry at C3. The benzodiazepine C3 urea substituents of both ligands pointed upward toward the top of the TM5-TM6 region and were flanked partially by ECL2 and ECL3, and the benzo rings were located close to TM3. The C2 carbonyl of BDZ-1 in the CCK1R model was predicted to make balt3/zbc-bc/zbc-bc/zbc02512/zbc0934-12z ZSUBMIT 16 xppws Sϭ1 27/4/12 4:54 4/Color Figure(s) F8,9,11,12 ARTNO: M111.335646 a hydrogen bond contact with Asn 333 (Asn 6.55 ), with the N1 methyl group pointed down toward the bottom of the ligand pocket and the C5 phenyl ring pointed toward the TM2-TM7 region. In contrast, for BDZ-2 in the CCK2R model, N4 of the benzodiazepine was predicted to make a hydrogen bond contact with Asn 353 (Asn 6.55 ), the N1 methyl group pointed toward the TM2-TM7 region, and the C5 phenyl ring pointed down toward the bottom of the pocket. This also resulted in differing shapes of the binding pockets in the two receptors, with the volumes between TM3 and TM5, TM3 and TM6, and TM6 and TM7 being larger for the CCK2R than the CCK1R and the pocket in the CCK1R protruding furbalt3/zbc-bc/zbc-bc/zbc02512/zbc0934-12z ZSUBMIT 16 xppws Sϭ1 27/4/12 4:54 4/Color Figure(s) F8,9,11,12 ARTNO: M111.335646 ther into the extracellular loop region than the pocket in the CCK2R (Fig. 9) . The different shapes of these pockets help to explain the receptor subtype selectivity imposed by differing stereochemistry at position 3 of the benzodiazepines. The receptor residues in contact with the ligands, BDZ-1 docked at the CCK1R and BDZ-2 docked at the CCK2R, are illustrated in Fig. 10 . This again emphasizes the differences in the determinants for docking the two ligands to these two receptors. Of note, the residue in position 2.61 within the helical bundle of CCK1R was in contact with BDZ-1, whereas the analogous residue in CCK2R did not exhibit substantial contact with BDZ-2. This was also true for the residues in positions 6.51 and 7.43. Intrahelical residues in positions 3.36, 6.48, and 7.35 of CCK2R were found to be in contact with BDZ-2, whereas the analogous residues in CCK1R did not exhibit substantial contact with BDZ-1. Selected residues within extracellular loops 2 and 3 of both receptors were also shown to establish contact with their respective ligands, as indicated in Fig. 10 .

The NSQ_AUC scores, reflecting the performance of these final models, are shown in Table 3 . The NSQ_AUC values can range from 100 to Ϫ50, with a score of 0 indicating that the model cannot differentiate positives from decoys and a score of 100 indicating that the model prefers the positives and excludes the decoys. The CCK1R model had NSQ_AUC scores of 66.5 and 13.9 for CCK1R ligands and CCK2R ligands, respectively, indicating that the model has a much better ability to differentiate CCK1R ligands from decoys than to differentiate CCK2R ligands from decoys. Conversely, the CCK2R model had NSQ_AUC scores of 20.6 and 61.5 for CCK1R ligands and CCK2R ligands, respectively, supporting its preference for CCK2R ligands. For the key mutant models, the selectivity scores were reversed, as would be predicted. For the model of the mutant CCK1R (N2.61T, T3.28V, T3.29S, I6.51V, F6.52Y, and L7.39H), having experimental CCK2R-like benzodiazepine selectivity, the scores were 25.6 and 64.3 for CCK1R and CCK2R ligands, respectively. This supports its reversal of selectivity, with its being better at selecting CCK2R ligands from decoys. For the model of the mutant CCK2R (V6.51I, Y6.52F, and H7.39L), having experimental CCK1R-like benzodiazepine selectivity, the scores were 63.4 and 16.9 for CCK1R and CCK2R ligands, respectively. This supports its reversal of selectivity, with its being better at selecting CCK1R ligands from decoys. ROC (0) curves plotting the rate of finding true positives versus the rate of finding false positives for these models are shown in Fig. 11 . These curves for individual models show the preference of each model for a particular ligand set. As expected, the wild type CCK1R (Fig 11A) and mutant CCK2R (Fig 11C) models preferred CCK1R ligands over CCK2R ligands, whereas the CCK2R (Fig 11B) and mutant CCK1R ( Fig  11D) models preferred CCK2R ligands over CCK1R ligands.
The top two panels of Fig. 12 illustrate the comparisons of the docking poses of BDZ-1 at the wild type CCK1R and the chimeric CCK2R TM(6,7) construct, which reverses its benzodiazepine selectivity, and the docking poses of BDZ-2 at the wild type CCK2R and the chimeric CCK1R TM (2,3,6,7) construct, which reverses its benzodiazepine selectivity. The poses of BDZ-1 are identical, whereas those of BDZ-2 are quite similar within the primary pharmacophore of the benzodiazepine and most divergent for the C3 urea substituent that structure-activity series have shown to be extraneous to action. The lower two panels of Fig. 12 illustrate the high degree of similarity between the docking of BDZ-1 and the Merck benzodiazepine antagonist L364,718, at the CCK1R and that between the docking of BDZ-2 and the Merck antagonist L365,260 at the CCK2R.
DISCUSSION
Understanding the molecular basis for ligand binding and activation of receptors can contribute substantially to the development of receptor-active drugs. The selectivity of binding and spectrum of action of such drugs are quite important. In recent years, it has become clear that drugs acting at allosteric sites that are distinct from the sites of action of natural hormonal ligands can gain additional levels of selectivity of binding, exhibit subsets of the spectrum of action of natural agonists, and even modulate the actions of natural agonist ligands (44, 45) . Thus, allosteric ligands can provide unique therapeutic opportunities.
The model ligands that were the focus of the current work were closely related 1,4-benzodiazepine antagonists that differ only in the stereochemistry (S or R) of their 3-position side chains while exhibiting highly selective binding to either CCK1R or CCK2R, respectively (29) . The current experimental approach included the use of two distinct radioiodinated ligands that bind directly to the small molecule ligand-binding pockets of interest in these receptors and the extensive mutagenesis of residues that represent candidates for contributing to the selectivity of binding of these ligands. Within this pocket, there are only six residues that differ between these two receptors, and these were systematically modified individually and in all combinations of groupings.
The initial effort to modify the residues within each TM segment individually, by exchanging the residue present in that position in the CCK1R or CCK2R, provided some useful insights. Indeed, the characteristics of binding these ligands were affected by some of these changes, supporting the pro- posed binding to the intramembranous pocket within the helical bundle (24 -27) . Of interest, the patterns of residue changes that had effects were distinct for the two ligands and for the two receptors. Reduced saturable binding of BDZ-1 radioligand was observed for CCK1R constructs with changes in TM6 (residues 6.51 and 6.52), TM3 (residues 3.28 and 3.29), or TM7 (residue 7.39), and reduced saturable binding of BDZ-2 radioligand was observed for CCK2R constructs with changes in TM2 or TM7 (residue 2.61 or 7.39, respectively). TM7 residue 7.39 appeared to be important for the selectivity of both receptors, whereas the other residues that caused loss of function were specific for each receptor. 
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Other publications have also described the importance of some of these residues for the binding of other benzodiazepine ligands to CCK receptors (25-27, 46, 47) . Those studies, however, were more indirect, utilizing the orthosteric radioligand based on the natural peptide that is known to bind to extracellular loop and tail regions rather than a radioligand that binds directly to the intramembranous docking site of these small molecules. Two of the residues identified as important in the current work (residues 6.51 and 7.39) have also been identified as important for the binding of the benzodiazepine antagonist L364,718 to the CCK1R (25, 46, 47) . This is helpful in confirming the more general relevance of these residues for small molecule ligand binding to this receptor. Insights into binding determinants of the CCK2R have also been reported. Effects on CCK peptide radioligand binding were described for an extensive set of mutations of transmembrane residues in CCK2R, replacing 58 divergent amino acids present in CCK2R with corresponding residues in CCK1R. Of note, eight changes (R1.35Q, T2.61N, S3.29T, S5.39H, V6.51I, Y6.52F, T6.56A, and H7.39L) shifted the ability of natural peptide agonists, CCK and gastrin, or benzodiazepine antagonists, L364,718 and L365,260, to compete for the binding of the peptide radioligand by more than 2.5-fold relative to that at the wild type CCK2R (48) . Mutations decreasing the binding of L365,260, the CCK2R-selective benzodiazepine antagonist, included T2.61N, S5.39H, and H7.39L. Mutations increasing the binding of L364,718, the CCK1R-selective benzodiazepine antagonist, included R1.35Q, S3.29T, S5.39H, V6.51I, and Y6.52F. This, too, provides further evidence for the general relevance of this pocket for small molecule docking while emphasizing the ability of changes in many of these residues to affect indirectly the binding of different types of ligands. It is particularly noteworthy that an earlier study following the effects on CCK radioligand binding reported a critical effect of CCK2R residue 6.51 on benzodiazepine L365,260 binding (46) , but the current study in which a benzodiazepine radioligand was utilized observed no such effect.
Although loss-of-function mutations provide information on the importance of specific TM residues/combinations of residues for maintenance of binding, such data can be difficult to interpret because of the potential for both loss of direct binding contacts and conformational effects on the binding pocket propagated through changes to interhelical packing. Gain-offunction observations are potentially more informative, although here, too, the effects can be indirect. The most impressive gain of function was produced by replacing the residue in TM2 at position 2.61 in the CCK1R with that present in CCK2R. This resulted in the ability of this CCK1R TM2 construct to saturably bind the BDZ-2 radioligand, the only construct not based on CCK2R structure to be capable of this. Indeed, the most impressive loss of function of the CCK2R series of constructs was observed with the replacement of this residue. Thus, it appears to be both sufficient and necessary for high affinity binding of BDZ-2. However, using this residue as a FIGURE 10. CCK1R and CCK2R residues predicted to be in direct contact with benzodiazepine ligands based on molecular modeling. Shown are alignments of the predicted transmembrane segments (enclosed in boxes) and associated extracellular loops (ECL) of CCK1R and CCK2R. Residues that are predicted to be in direct contact with the corresponding ligand, defined as having 10% or more of its solvent-accessible area covered upon ligand binding, are shaded. The most conserved TM residues are identified by TM number and position number (_.50) based on the nomenclature of Ballesteros and Weinstein (28) . The residues that were mutated in the current work are also shown in italics. The binding patches in the TM bundle that are common to both receptors include residues 3. . For CCK2R, the only TM bundle residue specific for BDZ-2 binding was Ile 7.35 . a NSQ_AUC values range from 100 to Ϫ50, where a score of 100 indicates a model with the maximal ability to differentiate positives from decoys; a score of 0 indicates a random model with no preference for positives or decoy.
balt3/zbc-bc/zbc-bc/zbc02512/zbc0934-12z ZSUBMIT 16 xppws Sϭ1 27/4/12 4:54 4/Color Figure(s) F8,9 ,11,12 ARTNO: M111.335646 tether in ligand docking was not effective in molecular modeling, and it likely reflects an indirect, rather than a direct effect on BDZ-2 docking. Presumably, the effect of this residue is through its impact on interhelical packing by changing the geometry of the actual ligand binding pocket or the kinetics or stability of the intermediate conformations leading to stable ligand binding. Although these single site modifications provided initial insights into the determinants for benzodiazepine ligand binding and selectivity, supporting the distinct nature of the molecular determinants, the effects of each construct were not robust enough to be confident of the distinct poses optimal for each ligand.
There is also direct evidence that small molecules bind to this region of the CCK1R, provided by photoaffinity labeling studies with benzophenone derivatives of 1,5-benzodiazepines, representing both antagonists and agonists of CCK1R (26) . Although a segment of the receptor covalently labeled with the antagonist in this series was localized, this can only provide general insights into the region of labeling and does not elucidate the specific pose of the docked ligand.
Combining the chimeric receptor modifications confirmed the insights gained from the single TM segment chimeric constructs and provided better global understanding of the nature of the small molecule-binding pocket. BDZ-1 binding was most affected by the residues in TM6 and TM7, with manifestations of loss of function of the CCK1R when mutated and gain of function when these residues were introduced into the CCK2R. The binding affinity of BDZ-1 was not different for CCK2R TM(6,7) than for the wild type CCK1R. BDZ-2 binding was most affected by the residues in TM2 and TM7, with manifestations of loss of function of the CCK2R when mutated and gain of function when these residues were introduced into the CCK1R. CCK1R TM(2,7) gained a high binding affinity of BDZ-2 that was only slightly lower than that for wild type CCK2R. Introducing all six of the distinct residues from CCK2R into CCK1R resulted in further improvement in BDZ-2 binding affinity, not different from that of wild type CCK2R.
Another important finding in this work was that the selectivity of the allosteric ligand binding site can be modified independently of the orthosteric ligand binding to the CCK receptors. Indeed, the peptide binding selectivities were retained for these receptors while completely reversing their benzodiazepine binding selectivities. The demonstration of benzodiazepine-induced modification of the rate of dissociation of bound orthosteric peptide ligand at the key chimeric receptor constructs further supports the allosteric nature of the small molecule-binding sites as totally distinct from the peptide-binding sites for these receptors.
Of interest, the data were different for the type 2 CCK receptor, where the benzodiazepine selectivity could be changed while retaining the peptide binding selectivity characteristics of that receptor only when modifying the distinct residues in both TM6 and TM7. Adding the other distinct CCK1R residues present in TM2 and TM3 to the CCK2R resulted in disruption of the folding, trafficking, and/or binding of benzodiazepine and/or CCK-like radioligands. It is particularly interesting that the CCK2R TM(3,6,7) construct was folded normally and expressed on the cell surface, where its benzodiazepine binding was demonstrated as having reversed its selectivity to reflect normal high affinity binding of the CCK1R-selective BDZ-1, although not being capable of binding CCK. This may reflect the proposed differences in the modes of peptide docking with CCK1R and CCK2R (12, 20, 49) . Unlike the CCK1R, where CCK is believed to bind to cell surface loops and amino-terminal tail regions, in the CCK2R, the peptide is believed to be directed more toward the helical bundle, where these mutations may interfere with CCK peptide binding.
Molecular modeling was guided by the experimental data generated in the current project. This has resulted in models FIGURE 12. Comparisons of docking poses for benzodiazepine ligands. The view is from the extracellular side of the receptors (top view) looking down through extracellular loop 2, which has been cut away. A shows the wild type CCK1R versus chimeric CCK2R construct reversing benzodiazepine selectivity. Shown are the structures of BDZ-1 docked at the wild type CCK1R (orange) and CCK2R TM(6,7) (gray). Mutated residues V6.51I, V6.52F, and H7.39L are displayed as gray sticks. This ligand is shown to dock in exactly the same pose in both models. B shows wild type CCK2R versus chimeric CCK1R construct reversing benzodiazepine selectivity. Shown are the structures of BDZ-2 docked at the wild type CCK2R (green ribbon) and CCK1R TM(3,4,6,7) (blue ribbon). Mutated residues N2.61T, T3.28V, T3.29S, I6.51V, F6.52Y, and L7.39H are displayed as blue sticks. C shows how the docking of L364,718 (cyan stick) relates to that of BDZ-1 (orange stick) at CCK1R (orange ribbon). Both ligands dock in the same poses. D shows how the docking of L365,260 (red stick) relates to that of BDZ-2 (green stick) at the CCK2R (green ribbon). Both ligands dock in the same pose.
balt3/zbc-bc/zbc-bc/zbc02512/zbc0934-12z ZSUBMIT 16 xppws Sϭ1 27/4/12 4:54 4/Color Figure(s) F8,9,11,12 ARTNO: M111.335646 (50) with the current CCK1R model docked with BDZ-1 shows that these antagonists occupy a similar region within the intramembranous helical bundle but are docked in distinctly different orientations.
Determinants for CCK Receptor Allosteric Ligand Binding
The molecular models of CCK1R and CCK2R that were developed in the current work are very instructive and useful. They clearly illustrate the different shapes of the small molecule docking sites in these closely related receptors that were influenced by a very small number of distinct residues within the transmembrane segments comprising the helical bundle. The benzodiazepine C3 urea substituents of both docked ligands were directed upward, with their benzo rings directed toward TM3 of both the CCK1R and the CCK2R. The differing stereochemistry of these ligands at their benzodiazepine C3 positions resulted in a substantial change in the orientation of their benzodiazepine pharmacophores. At the CCK1R, the benzodiazepine C5 phenyl ring was directed toward TM2 and TM7, whereas at the CCK2R this ring was directed down toward the base of the pocket. Similarly, at the CCK1R, the benzodiazepine N1 methyl group was directed down toward the base of the pocket, whereas at the CCK2R this group was directed toward TM2 and TM7. In both receptors, TM7 residue 7.39 appeared to play an important direct role in ligand docking. In the CCK1R, it was in contact with the C5 phenyl group of the benzodiazepine, whereas in the CCK2R, it was in contact with the N1 methyl group of the benzodiazepine. Asn 6.55 , which is conserved in both receptors, also appeared to play important roles, forming a hydrogen bond with the C2 carbonyl of the benzodiazepine in the CCK1R and forming a hydrogen bond with the N4 of the benzodiazepine in the CCK2R. Although residue 2.61 appears to play a critically important role in the CCK2R, this is most likely indirect, as it does not make substantial contact with the benzodiazepine ligand in this model. It should be noted that, again based on an interpretation of indirect mutagenesis data, residue 2.61 in the CCK2R has been suggested to play an anchoring role for relatively large non-peptide ligands based on a dibenzobicyclo[2.2.2]octane skeleton (JB93,182 and JB93,242), but these are not structurally similar to benzodiazepines and may more closely reflect peptide binding to this receptor (51) .
The currently proposed molecular models highlight the differential spatial geometry of the intramembranous interhelical binding pockets and the distinct residue interactions predicted for high affinity ligand binding. The compatibility of these models with a large number of small molecule ligands and their ability to discriminate subtype selectivity of these ligands are very exciting. These models will likely have high predictive value, both for the rational design and development of new drugs and for the refinement of existing lead compounds for this effort.
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